AD-Aila  9*4 

UNCLASSIFIED 


ILLINOIS  UN IV  AT  URUANA  ELCCTNOMABNETICS  LAB  F/6  9/S 

ANALYSIS  OF  DOMINANT  AND  MIBHfR-OROfR  MOOfS  IN  UNILATERAL  FIN  L--ETC(U) 
AUft  02  Y  HAYASHI *  E  FARR*  R  NITTRA  DAA#29-82-K-00fl4 

UIEM-02-9  AR0-1B0S4.3-EL  NL 


unc  FILE  COPY  AD  All 8 924 


—  Mo  1 80  f 4- 3'# <- 

ANALYSIS  OF  DOMINANT  AND  HIGHER-ORDER  MODES 
IN  UNILATERAL  FIN  LINES 

INTERIM  TECHNICAL  REPORT 


Y.  HAYASHI* 
E,  FARR 
R.  MITTRA 


AUGUST  1982 

U.  S.  ARMY  RESEARCH  OFFICE 
CONTRACT  NO.  DAAG29-82- K-0084 


ELECTROMAGNETICS  LABOR '.TORY 
DEPARTMENT  OF  ELECTRICAL  ENGINEERING 
ENGINEERING  EXPERIMENT  STATION 
UNIVERSITY  OF  ILLINOIS  AT  URBANA-CHAMPAIGN 
URBANA,  ILLINOIS  61801 


*Kitami  Institute  of  Technology 
Koen-cho,  Kitami-shi,  Hokkaido,  090  JAPAN. 


APPROVED  FOR  PUBLIC  RELEASE. 
DISTRIBUTION  UNLIMITED. 


CP  *>? 


< 


THE  FINDINGS  IN  THIS  REPORT  ARE  NOT  TO  BE  CONSTRUED  AS  AN  OFFICIAL 
DEPARTMENT  OF  THE  ARMY  POSITION.#  UNLESS  SO  DESIGNATED  BY  OTHER 
AUTHORIZED  DOCUMENTS. 


lTNr.T.AS^TTTFD 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  rWhmm  Dttm.Entmrmm) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER  |Z.  OOVT  ACCESSION  NO. 

i 

1.  REORIENT’*  CATALOG  NUMBER 

«.  TITLE  (flN  SuAHtlmJ 

ANALYSIS  OF  DOMINANT  AND  HIGHER-ORDER  MODES  IN 
UNILATERAL  FIN  LINES 

Interim 

Technical  Report 

I.  PERFORMING  ORG.  REPORT  NUMBER 

EM  82-9;  UILU-ENG-82-2548 

?.  author^ 

Y.  Hayashi*,  E.  Farr,  and  R.  Mittra 

*Kitami  Institute  of  Tech¬ 
nology,  Koen-cho,  Kitami-shi,  Hokkaido,  090  JAPAN. 

f  CONTRACT  OR  GRANT  NUMBCRIAJ 

DAAG29-82-K-0084 

9.  PERFORMING  ORGANIZATION  NAME  ANO  ADORES* 

Electromagnetics  Laboratory 

Department  of  Electrical  Engineering 

University  of  Illinois,  Urbana,  IL  61801 

10.  PROGRAM  ELEMENT.  PROJECT.  TAIX 

AREA  *  WORK  UNIT  NUMBERS 

P  18054-EL 

1 1.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

U,  S.  Army  Research  Office 

12.  REPORT  DATE 

August  1982 

P.  0.  Box  12211 

Research  Triangle  Park,  N.C.  27709 

is.  number  of  pages 

24 

li.  MONITORING  AGENCY  NAME  S  AOORESVil  dlllmrmnl  Inm  Camrsl/lng  0111cm) 

IS.  SECURITY  CLASS,  'ml  thim  rmponl 

UNCLASSIFIED 

IS#.  DECLASSIFICATION/  DOWNGRADING 

SCH SOULE 

IS.  DISTRIBUTION  STATEMENT  (ml  i hit  Rmpmtt) 

Distribution  Unlimited. 

Approved  for  public  release. 

t7.  DISTRIBUTION  statement  tot  «»•  obotroct  motored  in  Bloc*  20,  it  different  fm m  Report) 

1  ti.  SUPPLEMENTARY  NOTES 

The  findings  in  this  report  are  not  to  be  construed  as  an  official 

Department  of  the  Army  position,  unless  so  designated  by  other  authorized 
documents. 

1  IS.  FEY  WORDS  (Comtfnum  on  teeeree  aide  it  neoeeeo ry  end  identity  by  block  number) 

Millimeter  Waves;  Transmission  Lines;  Fin  Lines;  Dominant  and  Higher-Order 

Modes 

20.  ABSTRACT  'Conti mao  on  rererae  tide  it  nocoaaory  «W  identity  by  block  number) 

In  this  paper,  an  analysis  of  dominant  and  higher— order  modes  in 
unilateral  fin  lines  is  presented.  The  network  analysis  method  of  electro¬ 
magnetic  fields  is  used  along  with  Galerkin’s  method  to  obtain  a  deter- 
minantal  equation.  Numerical  results  are  presented. 

T 

DO  i  *22*1  1473  EDITION  OF  I  NOV  «*  IS  0S9OLSTE 

UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  A  ACC  Omit  tnlmrmm) 


m 

/ 


UILU-ENG-82-2548 


Electromagnetics  Laboratory  Report  No.  82-9 


ANALYSIS  OF  DOMINANT  AND  HIGHER-ORDER  MODES 
IN  UNILATERAL  FIN  LINES 


by 

Y.  Hayashi* 
E.  Farr 
R.  Mittra 


Electromagnetics  Laboratory 
Department  of  Electrical  Engineering 
University  of  Illinois  at  Urbana-Champalgn 
Urbana,  Illinois  61801 


*Kitami  Institute  of  Technology, 
Koen-cho,  Kitami-shi,  Hokkaido,  090  JAPAN. 


Interim  Technical  Report 


August  1982 


Partially  supported  by 

U.  S.  Army  Research  Office 
Contract  No.  DAAG29-82-K-0084 


.  • 

// 


i 

4 


TABLE  OF  CONTENTS 


Introduction . 

Determinantal  Equation 
Numerical  Results  .  . 

Conclusions  . 

References . 


Acces 

sion  For  y 

1ms 

Qnkk I  B 

PTTC 

13  □ 

Ur.-.'-' 

-.0  ;ncc<3  U 

w 

,  jnl  1  on — - 

By _ 

. . . . . 

Dlst 

r i but  Ion/ 

Availability  Codes 

r-- 

[Avail  and/or 

LIST  OF  FIGURES 


Figure  Page 

1.  Cross-sectional  view  of  unilateral  fin  line  with  three 

dielectric  slabs.  .  .  2 

2a.  Normalized  propagation  constant  of  the  first  four  modes 

of  the  configuration  in  Figure  1 . 13 

2b.  The  normalized  characteristic  impedance  of  the  first 

two  even  modes  for  the  same  configuration . 14 

3.  The  effect  of  varying  the  slot  width  on  the  dispersion 

characteristics  of  the  first  two  even  modes . 15 

4.  The  effect  of  varying  the  substrate  dielectric  constant 
on  the  dispersion  characteristics  of  the  first  two  even 

modes . 16 

5a.  Comparison  of  our  data  in  Figure  3  to  Knoor  and  Shayda's 
data  in  Figure  8  of  reference  1.  Figure  5a  is  the  nor¬ 
malized  wavelength .  17 

5b.  Is  the  characteristic  impedance .  18 


iv 


Introduction 


In  recent  years,  fin  line  structures  have  become  increasingly  more 
attractive  for  millimeter -wave  integrated  circuit  components.  This  has 
occurred  because  fin  lines  are  low  loss  at  millimeter-wave  frequencies,  and 
they  are  easily  built  using  printed  circuit  techniques.  The  initial  structure 
-o  be  analyzed  is  shown  in  Figure  1.  While  the  theory  developed  is  general 
for  three  layers  of  dielectric,  numerical  results  are  presented  for  a  single 
layer  of  dielectric,  i.e.,  d«s*0. 

This  structure  was  also  analyzed  by  Knoor  and  Shayda  [1] .  Their  paper 
used  the  following  approximation  for  the  aperture  field 
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In  our  analysis,  the  aperture  fields  are  expressed  in  a  more  general  form  by 
expanding  them  in  a  series  of  basis  functions,  so  the  solution  is  believed 
to  be  more  accurate.  Also,  higher-order  mode  characteristics  are  analyzed 
in  this  paper  whereas  only  the  dominant  mode  characteristic  was  presented 
in  reference  [1].  This  allows  us  to  study  the  range  of  single-mode  operation 
and  the  characteristics  of  overmoding  in  these  guides. 


Determinants!  Equation 

In  reviewing  the  published  literature  one  finds  chat  various  fin  line 
structures  have  been  analyzed  using  spectral  domain  techniques  [2]  and  [3]. 
On  the  other  hand,  the  network  analytical  methods  of  electromagnetic  fields 
[4]  have  been  applied  to  the  analysis  of  slot  lines.  These  two  methods 
represent  the  seme  approach  in  that  they  are  based  on  Galerkin's  method  and 


•*«*«« . 


Fourier  transformations ,  and  they  ultimately  lead  to  the  same  determlnantal 
equation  to  be  solved.  Only  the  key  steps  are  given  here  in  order  to  avoid 
repetition  of  reference  [4] . 
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The  modal  voltages  and  currents  are  (6,z)  and  I  (0,z),  and  3  and 

are  the  propagation  constants  in  the  y  and  x  directions,  respectively. 

Furthermore,  the  longitudinal  components  of  the  electric  and  magnetic 

fields  are  given  as 
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where  s  is  the  permittivity  in  each  region 


(5a) 


'  £0 

s<2<s+h  and 

, 

-b-t-d<2<-d-t 

i 

r 

-  «  < 

esre0 

0<2<S 

(5b) 

i 

edre0 

-d<2<0 

etre0 

-t-d<2<-d 

1 

f 

The  vector  mode  functions. 

7t»  (f3’x) 

and  hAn  (3,x),  satisfy  the  ortho- 

• 

normality  relations 

! 

rW  -  -* 

I#  *  V»' 

dx  - 

,W  -  -* 

1  h.  h. .  ,  dx  ■  5  .5 

_y  im  I’m 

(6) 

i 

i 

i 

i 

1 1 


By  substituting  (1)  and  (3)  into  Maxwell’s  field  equations  and  using  (6), 
the  transmission  line  equations  for  the  modal  voltages  and  currents  are 
obtained 
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With  the  transmission  line  equations  in  hand,  they  may  now  be  solved 
in  each  of  the  five  regions  in  terms  of  sine  and  cosine  functions  and 
arbitrary  constants.  The  boundary  conditions  are  such  that  the  transverse 
electric  and  magnetic  fields  are  continuous  at  z*s,  z«-d,  and  z*-d-t.  At 
z»0  the  electric  field  is  continuous  for  all  x  while  the  magnetic  field 
is  continuous  only  within  the  aperture.  All  of  the  above  boundary  conditions 
except  those  at  z»0  may  be  used  to  eliminate  constants  in  the  general 
solutions  of  the  transmission  line  equations.  In  order  to  use  the  conditions 
at  z*0,  additional  orthonormality  relationships  are  required.  From  (2)  it 
can  be  shown  that 


/4 


hi'm,(0,x) 


z  x  eZjn(0,x)dx 


(8) 


where  <5  is  the  Kronecker  delta.  Using  this  along  with  (1),  we  obtain  cne 
xy 

modal  voltage  in  the  plane  zm0  within  the  3lot 
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where  e  (x',y')  is  the  transverse  electric  field  in  the  plane  z*0.  These 
relationships  are  used  along  with  the  boundary  conditions  at  zm0  to  obtain 
the  desired  integral  equation,  given  below  in  (10),  for  the  longitudinal 
propagation  constant  3 
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I£  (14)  is  co  yield  nontrivial  solutions,  the  determinant  of  the  co¬ 
efficient  matrix  must  be  zero.  From  this,  the  propagation  constant,  8, 
may  be  evaluated. 

Now  chat  we  have  a  sac  of  equations  to  solve,  we  can  find  g.  The 
next  step  is  to  choose  a  set  of  basis  functions,  which  must  satisfy  several 
properties.  They  must  account  for  the  edge  effect,  they  must  give  an 
increasingly  more  accurate  solution  of  the  aperture  fields  with  an  increased 
number  of  terms  in  the  series,  and  they  must  allow  an  analytical  integration 
(15) .  With  these  criteria  in  mind,  the  basis  functions  were  chosen  as 
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where  Tq(z)  and  U^Cz)  are  Chebyshev  polynomials  of  the  first  and  second 
kinds,  respectively.  After  substituting  these  equations  into  (13)  and 
(14) ,  asymptotic  approximations  are  made  for  large  m.  The  determinantal 
equation  is  now  solved  and  the  longitudinal  propagation  constant,  3,  is 
calculated.  Some  numerical  results  are  given  in  the  next  section. 

Now  that  the  propagation  constant  has  been  calculated,  the  next  step 
is  to  calculate  the  characteristic  impedance  of  the  fin  line.  Since  this 
is  a  quantity  that  is  defined  rigorously  only  for  TEM  waves,  several  dif¬ 
ferent  definitions  are  possible.  The  definition  chosen  was 


Z 
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(17) 


where  is  the  voltage  between  the  fins  at  a  given  point  on  the  line,  and 
P  is  the  total  power  traversing  the  cross  section  of  the  line  at  that  point. 
For  other  possible  definitions  see  reference  [2]. 


Numerical  Results 

Before  making  any  calculations,  it  was  necessary  to  determine  the 
number  of  expansion  functions  needed  to  obtain  sufficient  accuracy  in  the 
final  result.  In  order  to  make  this  determination,  the  dispersion  constant 
and  normalised  characteristic  impedance  were  calculated  for  the  structure 
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shown  in  Figure  1  at  10Q  GHz.  This  case  represents  the  most  severe  con¬ 
vergence  case  of  all  those  presented  here  because  it  has  the  highest  frequency, 
the  largest  slot  width,  and  the  lowest  subaerate  dielectric  constant.  Con¬ 
vergence  is  shown  by  increasing  the  values  of  and  N^,  the  number  of  terms 
in  the  expansion.  The  results  for  the  normalized  propagation  constant  and 

characteristic  impedance  are  shown  in  Table  1  as  a  function  of  N  and  N  . 

x  y 

The  data  show  chat  solutions  for  N  *N  «2  yield  an  accuracy  to  three  decimal 

x  y 

places.  Since  this  was  considered  sufficient,  all  calculations  presented 
here  use  these  values. 

The  results  of  Che  calculations  are  now  presented.  Figures  2a  and  2b 
show  the  dispersion  characteristic  and  characteristic  impedance  of  the  con¬ 
figuration  shown  in  Figure  1.  The  dispersion  characteristic  was  calculated 
for  the  first  four  modes  of  the  given  structure,  and  the  impedance  was 
calculated  for  the  first  two  even  modes.  Note  that  the  range  of  single-mode 
operation  of  this  fin  line  is  larger  than  that  for  the  WR-19  metal  waveguide. 
For  the  fin  line,  this  bandwidth  is  about  35.0  GHz,  while  that  for  the  WR-19 
metal  waveguide  is  31.4  GHz. 

The  effect  of  varying  the  width  of  Che  slot  is  shown  in  Figure  3.  As 
the  slot  width  decreases,  the  cutoff  frequencies  of  Che  first  and  second 

even  modes  decrease. 

Figure  4  shows  the  effect  of  varying  the  substrate  dielectric  constant 

on  the  dispersion  characteristics  of  the  first  and  second  even  modes.  Here, 

W/A  -  0,2  and  dispersion  characteristics  for  the  first  and  second  even  modes 

are  presented  for  e„  *  2.2,  3.8,  and  9.6. 
r 

Finally,  in  Figures  5a  and  5b,  a  comparison  is  made  between  our  data  and 
Knoor  and  Shayda's.  The  configuration  is  exactly  chat  of  Figure  3  in  this 
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ration 


of  the  configuration  in  Figure  1.  The  arrow  represents  the  range  of 
single-node  operation  of  the  UK-19  melal  waveguide.  Note  the  wider 
bandwidth  of  the  fin  line. 


ire  2b.  The  normalized  characteristic  impedance  of  the  first 
even  modes  for  the  same  configuration. 


W/A=0.1 


Figure  3.  The  effect  of  varying  the  slot  width  on  the  dispersion  characteristics 
of  the  first  two  even  nodes. 


The  effect  of  varying  the  substrate  dielectric  constant  on  the  dis¬ 
persion  characteristics  of  the  first  two  even  nodes.  Here,  the  slot 
width  is  such  that  W/a  *  0.2. 


Characteristic  Impedance 


Figure  5b  is  the  characteristic  impedance . 
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paper,  and  Figure  8  in  reference  {4].  There  is  a  maximum  difference  of 
about  2 X  for  the  normalized  wavelength,  and  about  6Z  for  the  characteristic 
impedance.  We  believe  our  results  to  be  more  accurate  for  the  following 
reason.  Our  calculations  were  made  with  N  and  N  both  equal  to  two, 

*  y 

whereas  Knoor  and  Shayda  had  equal  to  zero  and  equal  to  one.  It  is 
expected  that  a  higher  number  of  basis  functions  should  yield  a  more 
accurate  solution. 

Conclusions 

In  this  paper,  a  unilateral  fin  line  on  a  dielectric  substrate  has  been 
analyzed  using  the  network  analysis  method  of  electromagnetic  fields.  Result 
for  higher-order  modes  have  been  obtained  as  well  as  for  dominant  modes,  and 
the  results  are  believed  to  be  more  accurate  than  those  previously  obtained 
since  the  aperture  fields  are  calculated  exactly.  Furthermore,  it  has  been 
shown  that  the  range  of  single-mode  operation  is  greater  for  the  fin  line 
analyzed  than  that  for  the  WR-19  metal  waveguide.  This  property  of  the 
fin  line  tends  to  make  it  appear  even  more  attractive  for  millimeter-wave 
circuit  applications  than  previously  thought. 
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